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The grail of protein science is the connection between structure
and function. For myoglobin (Mb) this goal is close. Described as
only a passive dioxygen storage protein in texts, we argue here
that Mb is actually an allosteric enzyme that can catalyze reactions
among small molecules. Studies of the structural, spectroscopic,
and kinetic properties of Mb lead to a model that relates structure,
energy landscape, dynamics, and function. Mb functions as a
miniature chemical reactor, concentrating and orienting diatomic
molecules such as NO, CO, O2, and H2O2 in highly conserved
internal cavities. Reactions can be controlled because Mb exists in
distinct taxonomic substates with different catalytic properties and
connectivities of internal cavities.

Proteins perform most of the work in living systems. An
understanding of their function with predictive power will

advance fields from biology to medicine and bioengineering. The
road to such an understanding requires detailed studies of one
or a few selected proteins. Myoglobin (Mb) is a good candidate
for this endeavor. Although the textbook role of Mb is only the
storage of dioxygen, it has long been known to react with a wide
variety of small molecules (1). The facts that NO and CO are
intimately involved in the regulation of cellular function (2–5),
that H2O2, O2

2, and ONOO2 are central to oxidative damage (6)
and perhaps regulation of tissue (7), and that Mb exists in
muscles in high concentration (8) suggest that the physiological
role of Mb may be multifaceted, involving more than simple
storage and transport of dioxygen. Indeed, other roles have been
proposed. Mb may facilitate diffusion of O2 (8), mediate oxida-
tive phosphorylation (8), protect against oxidative damage (9,
10), and inactivate enzymes (11). Mb also may increase the
effectiveness of NO as a signaling molecule by enhancing the NO
concentration gradients (12, 13). Particularly exciting is the
recent discovery of a highly conserved neuroglobin in the brain,
with an amino acid sequence similar to Mb (14). The low
concentration of neuroglobin suggests a catalytic function.

The structure of Mb is shown in Fig. 1a. The backbone (blue)
forms eight a-helixes, arranged in the Mb fold, wrapped around
a heme group (green), along with His-93 (below) and His-64
(above). The redox-active amino acids also are displayed, me-
thionine in yellow, tyrosine in red, and tryptophan in purple. Not
highlighted, but important in determining the reactivity, are
water molecules and the protonatable groups, which appear
throughout the protein. Four cavities within the protein, deter-
mined by xenon binding studies using x-ray diffraction (15), are
shown as black spheres. These cavities are not defects, they are
involved in the binding process,

Mb 1 CO 3 MbCO. [1]

They may, however, also be essential for other reactions, as
illustrated in Fig. 1b, where a NO molecule trapped in the xenon
cavities of Mb is depicted as interacting with a dioxygen molecule
bound at the heme iron atom (16–18),

MbO2 1 NO 3 NO3
2 1 metMb 1 . [2]

Fig. 1b suggests that Mb is built like a miniature chemical
reactor, with the iron as active center, the heme and the Xe1
cavities as chambers, and the heme group as a controlling
diaphragm. Moreover, the passage between Xe4 and the heme
cavity may be constructed so that the NO orientation is optimal
for a reaction. The information describing this reactor comes
from studies of ligand binding.

Ligand Binding, Structure, and Energy Landscape
Studies of the binding of CO and O2 have dominated Mb
research. If Mb is an allosteric enzyme, then these studies did not
target the important goal. They led, however, to the formulation
of relevant concepts. The investigations were performed over
wide ranges of temperature (4 to 330 K) and time (fs to ks) and
with a wide variety of tools.

Kinetic experiments show that the path of a CO molecule
coming from the solvent (S) and moving to the binding site at the
heme iron (A) can be approximated with a sequential reaction
model (19–21),

A 4 B º C º D º S. [3]

The kinetic data prove that at physiological temperatures the
states B, C, D, and S are in pre-equilibrium. Before binding at the
heme iron, the CO returns to the solvent about 40 times. The
formation of the covalent bond at the iron, B3A, consequently
is rate limiting. Quantum computation has led to an understand-
ing of this step (22). The kinetic data also show that CO in D is
enthalpically bound by about 10 kJymol. Thus, CO is concen-
trated by about a factor 50 in D as compared to the same volume
in the solvent.

For many years, the location of the states B, C, and D in Eq.
3 could only be guessed. Recent advances in cryo-crystallogra-
phy (23–26) provide this information. The results are used in Fig.
1b and are given in a more realistic form in Fig. 2. In B, the CO
remains in the heme cavity, approximately parallel to the heme
plane, about 4 Å from the iron. In Fig. 1b, B is located where the
arrow from Xe4 points to the dioxygen. In C, the CO most likely
occupies Xe4. In D the CO sits in the largest cavity, Xe1, as has
also been inferred from kinetic experiments under a few bar of
Xe (27). The pathway for CO, shown in Fig. 1 for NO, also is
supported by binding studies under intense light both with the
wild-type Mb (28) and the proximal mutant L89I (29). The
cavities are not defects, but are of functional importance as can
be deduced from the facts that they are conserved in Mb over a
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wide range of species (30) and that Xe1, Xe2, and the heme
cavity contain potentially reactive residues, as listed in Table 1.

Armed with these results we now justify the scenario intro-
duced earlier for the rapid oxidation of NO by MbO2 in Fig. 1b.

NO, like CO, will be weakly bound in the xenon pockets, mostly
Xe1, and can visit the B site dozens of times before exiting the
protein. On each visit to B, NO has a chance to react. The
entrance to B is determined by the three amino acids that form
the bottleneck between C and B. The bottleneck may be designed
to orient and polarize the NO and the O2 for optimal reaction.
These observations are equally valid if reaction (2) occurs
through intermediate NOx compounds.

The binding of CO tells us even more about protein structure
and dynamics. Binding of CO at low temperatures is nonexpo-
nential in time and implies that Mb cannot be in a unique
structure (19). Many additional experiments indeed prove that
proteins exist in an ensemble of structures, described by an
energy landscape (31–33). A given primary sequence can fold
into a very large number of somewhat different structures, each
called a conformational substate. The complete characterization
of a substate requires about 3,000 coordinates to describe the
positions of all atoms of the protein and the hydration shell. The
energy landscape is organized hierarchically, with valleys within
valleys within valleys (34). The highest two tiers are sketched in
Fig. 3a as a tree diagram and in Fig. 3b as a one-dimensional
cross section through the energy landscape. The highest tier is
evident from the vibrational spectrum of CO bound to the iron,
shown in Fig. 3c. It displays three distinct peaks at stretch
frequencies of 1,967 cm 21, 1,947 cm21, and 1,929 cm21, denoted
as A0, A1, and A3. They are called taxonomic substates because
they can be studied and described individually. Within each
taxonomic substate, Mb assumes a very large number of slightly
different conformations or statistical substates, broadening each
of the peaks and leading to the nonexponential time dependence
within each taxonomic substate (35). Temperature-derivative
spectroscopy shows that the barriers between states in Eq. 3
depend on the taxonomic substate (28, 29).

Taxonomic and statistical substates are both important for
protein dynamics. Protein motions are transitions between sub-
states; these are relevant for protein relaxation and for motion
of the CO into and out of the Mb (20, 35, 36). Both types of
substates must be considered when searching for the transition
state of an enzymatic reaction; the average value of, say, the
redox potential may not reliably predict yields of redox reactions.
It may be necessary to perform experiments in nonphysiological
conditions to obtain significant populations of the relevant
taxonomic substates.

Allostery and Taxonomic Substates
An allosteric protein can exist in two or more different confor-
mations, with different reactive properties. The relative popu-
lation of the different conformations is determined by activators
(37). Multimeric proteins such as hemoglobin are considered to

Fig. 1. (a) The sperm whale Mb skeleton, with side chains Tyr-103, -146, and
-151, Trp-7 and -14, Met-55 and -131, His-64 and -93, and Xe1, Xe2, Xe3, and
Xe4 from ref. 15. (b) Cartoon of Mb as NO is reacting with a bound O2. The
heme cavity is on the distal (Upper), the Xe1 cavity on the proximal (Lower)
side of the heme. A dioxygen molecule is shown bound covalently to the iron
atom in the heme cavity. A NO molecule can move from the Xe1 cavity via the
path shown to react with the O2.

Fig. 2. X-ray-determined structure of left Mb at pH 5 (Protein DataBank file
1spe, from ref. 38), and right Mb at pH 7 (Protein Data Bank file 1a6g, from Ref.
23). His-64 (Upper Left) has moved outside the heme pocket in A0, and smaller
changes are visible throughout the protein. The B-site is labeled B, and the
xenon cavities 1, 2, 3, and 4 are labeled with numbers.

Table 1. Amino acids lining the cavities in sperm whale Mb

Heme cavity Xe1 Xe2 Xe3 Xe4

Leu-29 Leu-89 Leu-72 Trp-7 Gly-25
Phe-46 His-93 Leu-104 Ile-75 Ile-28
His-64 Leu-104 Ile-107 Leu-76 Leu-29
Val-68 Phe-138 Ser-108 Gly-80 Gly-65
Ile-107 Ile-142 Leu-135 His-82 Val-68
Heme Tyr-146 Phe-138 Ala-134 Leu-69

Heme Arg-139 Leu-137 Leu-72
Heme Phe-138 Ile-107

Ile-111

Amino acids adjacent to cavities. Residues in boldface are conserved among
most mammals as well as the human hemoglobin chains. Only two residues,
Phe-43 and His-93, are conserved in all Mbs (30), while all listed residues except
Ile-142 and Ile-28 are conserved among a list of 15 mammals that are identical
over only 59% of the sequence. The tertiary structure is conserved.
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be the prototypes of allosteric systems, whereas Mb usually is
assumed to be nonallosteric. The observation that the associa-
tion rate coefficient for CO binding at physiological tempera-
tures is about four times larger at pH 5 than at pH 9 (21) casts
doubts on this assumption. The pH dependence occurs because
the barrier between the states B and A, which is rate limiting at
physiological temperatures, is different in the three taxonomic
substates; it is smallest in A0 and largest in A3 (35). The
differences are due to different structures, mainly the position of
the distal histidine, His-64 (see Fig. 2). In A0, the charged
histidine is not in the heme pocket, but extends into the solvent
(38). The association rate coefficient is proportional to the rate
coefficient for the final step, B3A (19, 21), which speeds up in
the A0 state (35) because His-64 no longer blocks access to the
CO binding site at the iron (22). If the shift in the populations
of the taxonomic substates were caused only by pH, the different
binding rates for CO could be ascribed to a ‘‘direct interaction’’
caused by the change in charge on the distal histidine. Transi-
tions among the substates can, however, be induced not only by
changes in pH (39), but also in temperature (40), pressure (41),

or by addition of a variety of salts such as iodide, citrate, or
thiocyanate (42). Furthermore, the pathways leading from D to
A differ for the three substates, strengthening the argument that
the taxonomic states involve correlated changes of the entire
protein (28). We expect that the energy landscape of the protein
remains largely unchanged when considering other reactions.
The same cavities, taxonomic substates, and effects on the
populations of taxonomic substates will be present. Different
catalysis rates of the different taxonomic substates then produce
allostery, as predicted by ref. 31. We consequently consider Mb
to be an allosteric protein and remark that allostery thus does not
require multimeric proteins.

Mb as an Allosteric Enzyme
Enzymes catalyze specific reactions. In allosteric enzymes, these
reactions are controlled by activators. Two concepts that have
emerged from the study of CO binding are important for the role
of Mb as an allosteric enzyme, the conserved and connected
cavities and the taxonomic substates. The cavities can speed up
a bimolecular reaction by increasing the concentration of both
reactants, one by covalently binding to the iron, the other by
concentrating it in the cavities. The reaction rate then can be
controlled and further increased by the shaping of the connec-
tions between the cavities and by orienting and polarizing the
reactants. Moreover, competing reactions can be reduced or
eliminated. In chemistry, confinement of reactive species cur-
rently is being explored as a way of achieving precise control of
reactions (43). As shown here, nature discovered this trick long
ago and shaped Mb like a chemical reactor for single molecules,
as sketched in Fig. 1b. The second property, the existence of
taxonomic substates with different reactive properties, permits
the protein to control reactions by changing the population of
these substates in response to activators.

Mb is able to catalyze a variety of redox reactions. To ascertain
if Mb, through its taxonomic substates, can control such reac-
tions, we have measured the time course and the pH dependence
of the reaction of nitrite and MbO2:

MbO2 1 NO2
2 3 metMb 1 1 NOx. [4]

This reaction is a one-electron oxidation of Mb by the nitrite ion,
resulting in another oxide of nitrogen and consuming two
protons.

We have performed a preliminary study of the kinetics of
reaction 4 as a function of pH by measuring the optical absorp-
tion spectrum after mixing MbO2 with NaNO2. Because MbO2
is unstable at low pH, a pH jump from pH 8 was done during the
mixing with nitrite. Conversion of MbO2 to metMb1 was ob-
served, and the kinetics of this process are shown in Fig. 4 as the
absorbance at 421 nm. The data show a lag phase and three
phases of reaction kinetics, all with a strong pH dependence,
suggesting that several different intermediates are involved. The
overall rate, ltotal, can be expressed as:

ltotal 5 N0l0 1 N1l1, [5]

where l0 and l1 are the rate coefficients for reaction 4 in the
substates A0 and A1, respectively, and where N0 and N1 are the
corresponding normalized populations. The data can be fit
approximately with l0 5 10 s21 and l1 5 0, and with a population
ratio given by the Henderson–Hasselbalch relation with pK 5
4.2. This pK characterizes the A0ºA1 transition (39). It is not
clear whether the rate is faster in the A0 state because His-64
delivers a proton to the active site or because the more open
pocket structure of the A0 conformation (see Fig. 2) facilitates
access by water molecules that are able to donate the two protons
necessary for reaction 4. In either case, effects that shift the

Fig. 3. (a) Tree diagram of the taxonomic substate of Mb and its numerous
statistical substates. (b) Cross section through the hierarchical energy land-
scape. (c) Infrared spectrum of CO bound to the iron atom of Mb, showing the
stretch frequencies of the three A substates. Allostery is a consequence of the
existence of these taxonomic substates.
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equilibrium between A0 and A1 (temperature, salts, pressure)
will influence the reaction rate.

The relative slowness of reaction 4 compared to reaction 2 is
because delivery of protons, and possibly electrons, is required;
when measured in vivo, rather than in dilute solution, the kinetics
are likely to be quite different from those presented here. It has
been shown for peroxidase and nitrogen chemistry of Mb that
physiological concentrations of reductants such as NADH, ascor-
bate, and glutathione, as well as NO, will influence the reaction
rates and product yields (9, 10, 16, 44). The observation that lactate,
at the tens of mM level, affects both the optical absorption spectrum
and the oxygen affinity of Mb (45) suggests that an allosteric
mechanism is at work, as lactate can change its concentration from

2 to 20 mM between rested and exhausted muscle (46). Although
normally requiring a dehydrogenase enzyme to be redox-active, we
expect the negatively charged lactate molecule binding near the
heme to increase the heme reduction potential and perhaps, by
directly reducing Fe IV and Fe V, influence reactions involving this
species, as observed with ascorbate (9).

Whether the nitrogen chemistry of muscle is affected because
Mb regulates the accessibility of diatomic molecules, electrons,
and protons in an environment-dependent manner ultimately
will require physiology experiments. In mice, it has been shown
that removal of Mb results in multiple compensatory mecha-
nisms involving the NO-related chemistry of the cell (47, 48). In
bacteria, f lavo-hemoglobins likewise have been implicated in the
NO-related chemistry (49, 50). Clearly there are numerous
possibilities for Mb to influence the course of the redox pathways
of the muscle cell.

The detailed chemistry of NO as it interacts with components of
the cellular environment is complex and not understood (13, 51,
52). The ability of Mb to concentrate small ligands and exist in
several taxonomic substates and oxidation states suggests that it is
involved in the NO-related chemistry of skeletal and cardiac
muscle. The nonuniform spacial and temporal nature of NO
chemistry, and high protein concentrations in the muscle cell
greatly complicate comparisons between in vivo and in vitro exper-
iments. Despite the extensive work that already has been done, two
major challenges lie ahead. The first challenge is to explain quan-
titatively, just as for the binding of CO, the many redox reactions of
Mb in terms of structure, energy landscape, and dynamics. Because
electron and proton motion is necessary for most enzymatic reac-
tions, a fundamental understanding of Mb may aid the understand-
ing of a wide variety of enzyme reactions. The second challenge is
to connect the microscopic properties of Mb to the physiological
needs of life. Mb, the model protein for the study of ligand binding,
may thus become the model protein for understanding enzymatic
reactions and elucidating the networks by which NO chemistry
affects the biochemistry of life.
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